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We present a model for viable gravitational reheating involving a scalar field directly coupled
to the Ricci curvature scalar. Crucial to the model is a period of kination after inflation, which
causes the Ricci scalar to change sign thus inducing a tachyonic effective mass m2 ∝ −H2 for the
scalar field. The resulting tachyonic growth of the scalar field provides the energy for reheating,
allowing for temperatures high enough for thermal leptogenesis. Additionally, the required period of
kination necessarily leads to a blue-tilted primordial gravitational wave spectrum with the potential
to be detected by future experiments. We find that for reheating temperatures TRH . 1 GeV, the
possibility exists for the Higgs field to play the role of the scalar field.
I. INTRODUCTION
Inflation has established itself as a remarkably suc-
cessful paradigm for avoiding fine-tuned initial conditions
in cosmology. There is growing evidence that the early
universe underwent an accelerated period of expansion,
likely driven by the potential energy of a slowly rolling
homogeneous scalar field, the result of which was a very
cold and flat universe [1]. It is much less clear, however,
how reheating of the universe occurs after inflation. In
particular, it is an open question as to whether successful
reheating requires the inflaton to have non-gravitational
couplings to Standard Model (SM) fields.
It is usually assumed that inflation ends when the infla-
ton rolls off a nearly flat region of its potential and begins
to oscillate about some local minimum. If the inflaton
couples to SM fields, its oscillations are damped and re-
heating occurs by decay of the inflaton field to SM parti-
cles. If however, the inflaton couples only gravitationally,
it was realized that reheating could still potentially occur
via the excitation of light, non-conformally coupled fields
at the end of inflation [2]. This leads to a gravitation-
ally produced radiation energy density that is suppressed
by ∼ 10−2H2∗/M2P relative to the dominant inflaton en-
ergy density, where H∗ is the Hubble rate at the end
of inflation. In order for successful gravitational reheat-
ing to occur, the inflaton must have a post-inflationary
equation of state w which is stiffer than that of radiation
(w > 1/3) so that the gravitationally produced radiation
can eventually come to dominate over the inflaton energy
density and provide the correct initial condition for a hot
Big Bang [2, 3]. A stiff equation of state is achieved when
the kinetic energy of a scalar field dominates over its po-
tential energy, leading to periods of cosmological history
dominated by such a scalar to be called kination [2–8].
It was recently pointed out that the requirement of a
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period of kination leads a blue-tilted primordial gravita-
tional wave spectrum which dominates the energy density
of the universe at late times. This leads to an inconsistent
picture of gravitational reheating unless a large number
of light fields were excited at the end of inflation [9].
In this work, we present a model of gravitational re-
heating involving at most one new degree of freedom.
The model exploits the fact that the Ricci curvature
scalar changes sign when the universe transitions from
an inflationary quasi de-Sitter universe (w ≈ −1) to
a Friedmann-Robertson-Walker (FRW) universe domi-
nated by an energy density with equation of state w >
1/3. The model consists of a non-minimally coupled
scalar field φ which we call the reheaton, which in gen-
eral we take to be an extension of the SM matter con-
tent. However, we will also show that it is possible to
identify the reheaton with the SM Higgs field, building
upon the work of Ref. [10]. Due to its direct coupling
to the Ricci scalar, the reheaton has an effective mass-
squared which is positive (m2 ∝ H2∗ ) during inflation but
negative (m2 ∝ −H2) after the universe transitions to ki-
nation domination. The effective tachyonic mass causes
the reheaton field value to grow as it rolls toward the
new minimum, thus both a non-zero vaccum expectation
value (VEV) and energy density are achieved. Reheating
occurs when the reheaton transfers its energy to SM radi-
ation, which could happen before or after the field comes
to dominate the energy density of the universe. We note
that our model has a similar qualitative structure to that
of Ref. [11], but differs significantly in the quantitative
details.
Successful reheating can be achieved for a wide region
of the model parameter space and is relatively generic
in the case where the energy density extracted by the
reheaton scales as matter for some of the cosmological
history. In the case of a long period of kination, we show
that the resulting blue-tilted gravitational wave spectrum
can be detected at future experiments for portions of
the model parameter space. We find that the SM Higgs
field can function as the reheaton, provided the reheating
temperature is low enough to avoid large field excursions
which would probe the unstable region of the Higgs po-
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FIG. 1. Dependence of the effective reheaton potential Veff(φ)
on the inflaton equation of state (EoS) w.
tential.
This paper is organized as follows: After giving an
overview of the model in Section II, we present the un-
derlying details in Sections III and IV. Reheating is dis-
cussed in Section V, followed by prospects for detecting
the blue-tilted primordial gravitational wave spectrum
in Section VI. Observational constraints on the model
are discussed in Section VII. The parameter space where
the SM Higgs field can be identified with the reheaton is
shown in Section VIII, before concluding in Section IX.
II. RICCI REHEATING: AN OVERVIEW
If the inflationary sector has only gravitational cou-
plings, the energy density of the inflaton at the end of
inflation decays only due to the expansion of the uni-
verse as ρinf ∝ a−3(1+w), where w is the post-inflationary
equation of state and a is the scale factor. During infla-
tion, the Ricci scalar R is approximately constant with
the value R∗ ≈ −12H2∗ , where stars denote quantities
at the end of inflation. After inflation ends, R in the
post-inflationary FRW universe can be written as
R = −3(1− 3w)H2 , (1)
where H = a˙/a is the Hubble parameter. If the post-
inflationary universe has an equation of state w > 1/3,
R changes sign during the transition. Consequently, non-
minimally coupled scalar fields, which have an effective
potential of the form
Veff(φ) = V (φ)− 1
2
ξRφ2 , (2)
can become tachyonic for positive values of the non-
minimal coupling ξ.
In what follows, we consider a model where the uni-
verse makes a transition from a quasi de-Sitter universe
to an FRW universe dominated by the inflaton energy
density described by an equation of state w > 1/3. This
could be implemented by an inflationary potential which
becomes steep at the end of inflation, such as large power
monomials or non-oscillatory models [2, 3, 6, 7, 12–14].
Beyond this and assuming a relatively fast transition, we
will not specify the details of the inflationary sector, but
rather simply treat the inflaton field as an order param-
eter that describes a transition in the equation of state
of the universe as illustrated in Fig. 1.
Instead, we are mainly interested in the dynamics of
the reheaton field φ. For simplicity, we will focus on a
bare potential of the form
V (φ) =
1
2
m2φ2 +
λ
4
φ4 , (3)
where m2 is constant. We also take m2, λφ2∗  ξH2∗ such
that the non-minimal coupling dominates initially and
there is a tachyon. The steps in our mechanism can be
summarized as:
• At the end of inflation, the inflaton does not decay
but instead undergoes a change in its equation of
state from w ≈ −1 to w > 1/3.
• This same transition causes the sign of the Ricci
curvature scalar to change and the reheaton, a non-
minimally coupled scalar field, to become tachy-
onic.
• The tachyonic reheaton rolls toward the new min-
imum, acquiring a nonzero VEV 〈φ〉 ∝ H and en-
ergy density.
• Tachyonic growth ceases when the reheaton is
turned by the quartic, which happens shortly after
it reaches the minimum of the effective potential.
• Due to decreasing H, the ξRφ2 term quickly be-
comes unimportant and the reheaton begins to ef-
fectively oscillate in its bare potential V . De-
pending on the size of m, the reheaton energy be-
gins to scale as radiation (V ≈ λφ4) or matter
(V ≈ m2φ2).
• At some point, the reheaton transfers its energy to
SM radiation. Reheating occurs when the SM radi-
ation thermalizes and dominates the energy density
of the universe.
III. MODEL
We consider a theory in an FRW universe described by
the metric
ds2 = gµνdx
µdxν = dt2 − a2(t)δijdxidxj , (4)
3with the following action
S =
∫
d4x
√−g
(
−M
2
P
2
R+ Lφ + Lm
)
. (5)
The first term in S is the Einstein-Hilbert action with
MP = 2.44 × 1018 GeV, Lφ is the Lagrangian of the
reheaton field φ
Lφ = 1
2
gµν∂µφ∂νφ+
1
2
ξRφ2 − V (φ) , (6)
and Lm contains the remaining fields in the theory.1 The
parameter ξ controls the strength of the non-minimal
coupling of φ to the Ricci scalar R, therefore ξ = 0 cor-
responds to minimal coupling. The bare potential V (φ)
given in Eq. (3) leads to an equation of motion for the
reheaton of
φ¨+ 3Hφ˙+ (m2 − ξR)φ+ λφ3 = 0 . (7)
Varying S with respect to gµν yields the Einstein equa-
tions, which for the metric in Eq. (4) and a homogeneous
field φ = φ(t) reduce to the Friedmann equations
H2 =
(
a˙
a
)2
=
ρ
3M2P
, (8)
H˙ +H2 =
a¨
a
= − 1
6M2P
(ρ+ 3p) , (9)
where ρ = ρm + ρφ and p = pm + pφ are total energy
density and pressure. In the case of a perfect fluid, the
energy density and pressure are related by p = wρ, which
defines the equation of state w. At the end of inflaton, we
assume that ρ is still dominated by the inflaton energy
density (ρ ≈ ρm ≈ ρinf), such that the Hubble rate scales
as
H2 ≈ ρinf
3M2P
≈ H2∗
(a∗
a
)3(1+w)
. (10)
The reheaton energy density ρφ, which we assume to be
initially sub-dominant (ρφ  ρinf), is that of a homoge-
neous, non-minimally coupled scalar field [15–22]
ρφ =
1
2
φ˙2 + V (φ) + ξ
(
3H2φ2 + 6Hφφ˙
)
. (11)
The term multiplied by ξ, representing the new contri-
bution to the energy density when the scalar field is non-
minimally coupled, depends non-quadratically on φ and
φ˙ and thus is not a priori guaranteed to be positive defi-
nite. That the energy density of a non-minimally coupled
scalar can be negative has long been known and exploited
1 This includes the SM fields and the inflaton sector, as well as the
couplings of φ to the SM.
in a variety of contexts [15–18, 23–25]. When working
in an FRW universe, the situation is greatly simplified
since the Einstein equations require ρ = 3M2PH
2 and
thus the total energy density in such a universe is positive
at all times. This constraint, however, does not preclude
the possibility of sub-components with negative energy.
Further discussion on the energy-momentum of a non-
minimally coupled scalar can be found in Appendix A.
From the equation of motion given in Eq. (7), we see
that φ can experience tachyonic growth if m2 − ξR < 0.
One could also interpret this in terms of an effective po-
tential
Veff(φ,R) =
1
2
(m2 − ξR)φ2 + λ
4
φ4 , (12)
which has a non-trivial minimum when the effective mass
m2eff ≡ m2 − ξR < 0. Focusing on the case of positive ξ
and m2  ξR, we see from Eq. (1) that m2eff < 0 requires
w > 1/3 as previously discussed. In this case, Veff has
non-trivial minima at φ = ±φmin with
φmin =
(
ξR
λ
) 1
2
= H
(
3ξ(3w − 1)
λ
) 1
2
. (13)
Since they are set by the Hubble rate, the locations of the
minima are time dependent. In an expanding universe,
a ∝ t2/3(1+w) grows with time and H ∝ a−3(1+w)/2 ∝ t−1
decreases. Thus for 1/3 < w ≤ 1, the minima move
toward the origin as φmin ∝ a−2−a−3. The depth of the
minima are given by Veff(φmin, R), which has the form
∆Veff = −ξ
2R2
4λ
= −9ξ
2
4λ
(3w − 1)2H4 . (14)
We note that the depth of the minima depend very
sensitively on the Hubble rate as ∆Veff ∝ H4. In an
FRW universe with 1/3 < w ≤ 1 this translates into
∆Veff ∝ a−8 − a−12.
IV. DYNAMICS OF THE REHEATON
After inflation ends, the effective reheaton mass be-
comes tachyonic and the reheaton is displaced from the
unstable maximum at the origin by quantum fluctua-
tions. It then rolls to the new minimum in approximately
an e-fold, before proceeding to be turned by the quartic.
On the return journey, the reheaton is not trapped in the
tachyonic minimum since its depth is decreasing in time
as H4. Instead, the reheaton rolls over the bump at the
origin and proceeds to the other side of the potential.
As the tachyon continues to diminish in importance, the
reheaton quickly begins to oscillate in the bare potential
given by Eq. (3). We now describe each of these phases
in more detail, and estimate the energy extracted by the
reheaton.
4A. Initial Dynamics
We take the initial conditions for the reheaton to be
set by the root mean square of its quantum fluctuations
at the end of inflation, which for ξ & 0.1 we calculate to
be
φ∗ ≈ H∗
2pi
√
H∗
3m∗
, φ˙∗ ≈ m∗φ∗ , (15)
where m∗ ≈
√−ξR∗ ≈
√
12ξH∗ is the effective mass of
the reheaton at the end of inflaton. The details of the
computation can be found in Appendix B. Our approach
here is to take Eq. (15) as a conservative estimate of
the size of the pre-tachyonic fluctuations and model the
tachyonic growth after R changes sign classically. We
see that for λ . 1, we have φ∗  φmin(t∗) and thus
the initial rolling of φ is governed by the tachyonic mass
m2eff ≈ −ξR. Therefore, until φ reaches the minimum, it
obeys
φ¨+ 3Hφ˙− ξRφ ≈ 0 , (16)
which has a growing solution of the form
φ(t) ≈ φ∗
2
(
1 +
γ∗
γ
)(
H∗
H
)γ
, (17)
with the exponent defined as γ ≡ √ξ(3w − 1)/3 and
γ∗ ≈
√
12ξ/3. Since it grows as H−γ , the reheaton rolls
to the minimum faster than the minimum approaches
the origin only if γ > 1, which requires ξ > (w− 1/3)−1.
This condition has implications for the initial scaling of
the reheaton energy density which are discussed in Ap-
pendix A.
B. Time to the Minimum
Since H−1 is the only relevant timescale, it will prove
useful to express the time that the reheaton takes to reach
the minimum in terms of the number of e-folds after the
end of inflation N =
∫
Hdt = log(a/a∗)
Nmin = log
(
amin
a∗
)
=
2
3(1 + w)
log
(
H∗
Hmin
)
, (18)
where we have used Eq. (10) to express the logarithm in
terms of H. The Hubble rate Hmin when the reheaton
reaches the minimum is found by comparing Eq. (13) and
Eq. (17) (
Hmin
H∗
)1+γ
=
1
36pi
√
λ
γ∗
(γ∗ + γ)
γ2
. (19)
Parametrically, we have (Hmin/H∗)1+γ ∝
√
λ/ξ3/2. To
get an idea of how much the Hubble rate has changed
when the reheaton reaches the minimum, we note that for
ξ, w ∼ O(1), we find Hmin ∼ 0.1λ1/4H∗ which evaluates
to Hmin ∼ 10−2H∗ for typical values of λ, namely 10−5 .
λ . 10−2. The typical timescale to reach the minimum
is thus Nmin ∼ O(1), by which time the Hubble rate has
generally decreased by a factor of O(102).
C. Dynamics after the Minimum
From Section III and Section IV B, we find that the
reheaton typically reaches the minimum within O(1) e-
fold, but that by this time, the location of the minimum
has moved closer to the origin by a factor of ∼ 102 and
the depth of the minimum has decreased by a factor
∼ (102)4 = 108. This means that after the reheaton pro-
ceeds past the minimum and is turned by the quartic, it
has enough energy upon its return to go over the bump at
the origin and proceed to the other side of the potential.
Thus, after reaching the minimum, the reheaton quickly
approaches the dynamics of a scalar field oscillating in
a quartic potential. This implies that 〈φ〉 = 0 and that
φ has an averaged equation of state 〈wφ〉 = 1/3, so the
energy density of φ scales like radiation.
Radiation scaling of the reheaton energy continues un-
til it transfers its energy to the SM, or the amplitude of
the field damps down enough such that the bare mass
term becomes important. In the latter case, the en-
ergy density in φ begins to scale like matter. The field
value φ2matt = 2m
2/λ where this happens can be found
by setting the two components of Eq. (3) equal. While
oscillating in the quartic, the amplitude of φ decays as
φ ∝ a−1 ∝ e−N , so we can use φmin as a reference point
and estimate the time Nmatt = Nmin + log (φmin/φmatt)
when matter scaling takes over. Using Eq. (13), we find
Nmatt = Nmin + log
(
3γ√
2
Hmin
m
)
. (20)
We support the statements of this section by numerically
solving the equations of Section III in Appendix C.
D. Energy Extracted by the Reheaton
In the previous section we argued that the reheaton
energy density begins to scale like radiation after being
turned by the quartic for the first time. Thus, we would
like to estimate the energy density ρ1φ at this time, since
we know the scaling afterwards. At the turning point, all
derivatives of φ vanish, so the energy density is given by
Eq. (11) with φ˙ = 0. Neglecting the bare mass term, we
have
ρ1φ =
λ
4
φ41 + 3ξH
2
1φ
2
1 . (21)
Since the first turning point occurs shortly after the re-
heaton passes through the minimum, we make the ap-
proximation N1 ≈ Nmin and φ1 ≈ φmin (which we will
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FIG. 2. Reheaton energy density (normalized to the ini-
tial inflaton energy density ρ∗inf ≈ 3M2PH2∗) as computed
numerically (solid lines), and compared to the analytic ef-
fective energy density approximation (dashed lines) given in
Eq. (23), for several values of the model parameters. Also
shown for comparison is the inflaton energy density and the
energy density expected from gravitational particle produc-
tion, ρGPP ≈ 10−2H4∗ .
also justify numerically) to approximate the energy den-
sity at the first turning point as ρ1φ ≈ Λ, with
Λ = (1 + w)(3w − 1)27ξ
2
4λ
H4min , (22)
where we have used Eq. (13). The quantity Λ given in
Eq. (22) represents the energy extracted via our mech-
anism, which depends on the model parameters as Λ ∝
ξ2H4min/λ. We now define an effective energy density us-
ing the fact that Λ dilutes as radiation until the bare
mass becomes important at N = Nmatt and matter scal-
ing begins. The general form can be summarized as
ρeffφ (N) = Λ e
−4(N−Nmin)
{
1 , N < Nmatt
eN−Nmatt , N ≥ Nmatt .
(23)
In Fig. 2 we show the effective reheaton energy density
defined in Eq. (23) compared to the reheaton energy den-
sity computed from our numerical solution of the system
for several values of the model parameters. The numer-
ical solution shows an initial tachyonic growth period as
the reheaton rolls to the minimum, a decaying transition
region where the reheaton energy density can become
dominated by the Hφφ˙ term and thus oscillate negative,
and finally either radiation or matter asymptotic scaling
as the reheaton begins to effectively oscillate in its bare
potential. We see that the agreement between the numer-
ical solution the effective energy density is quite good in
the asymptotic regime. Since this is the regime where
reheating occurs, we will use ρeffφ as a tool for analyti-
cally determining the reheating temperature in the next
section. For the interested reader, the pre-asymptotic
regime is discussed further in Appendix A.
V. REHEATING
In this section we estimate the reheating temperature
by assuming that some process with rate Γ is responsi-
ble for transferring the energy from the reheaton to SM
radiation. In an expanding universe, a process with rate
Γ becomes efficient when Γ ∼ H, at which time we will
assume a fast transfer of energy. For simplicity, we will
also assume that Γ < Hmin so that the reheaton always
reaches the minimum before the energy transfer and we
can apply the effective energy density approach of the
previous section. This criterion, however, is not strictly
necessary and one may entertain the possibility of a re-
heaton with large couplings to the SM which transfers its
energy before reaching the minimum.
For the purpose of defining the reheating temperature,
we consider successful reheating to occur when i) the re-
heation field has transferred its energy to SM radiation,
ii) the SM radiation has reached thermal equilibrium, and
iii) the SM radiation bath dominates the energy density
of the universe. We acknowledge the possibility that the
last assumption may be relaxed, but do not study it here.
A. Reheating after Reheaton-Kination Equality
Kination ends when the energy density of the reheaton
equals that of the inflaton. We denote the Hubble rate at
this point as Hke, and reheating after this point means
we should have Γ < Hke. Because φ is assumed to domi-
nate the energy density, it has the critical energy density
ρφ = 3M
2
PH
2 and we can compute the reheating tem-
perature simply by assuming that the reheaton energy
is converted into SM radiation when H ∼ Γ which then
quickly thermalizes
ρφ = 3M
2
PH
2
∣∣∣∣
H=Γ
=
pi2
30
gRHT
4
RH , (24)
TRH =
(
90
pi2gRH
)1/4√
ΓMP , (25)
where gRH is the number of relativistic SM degrees of
freedom at TRH. We see that this case reduces to the
standard formula for TRH, e.g. from inflaton decay, where
the reheating temperature is completely determined by
the microphysics represented by Γ.
B. Reheating at Reheaton-Kination Equality
Here we assume that the reheaton transferres its en-
ergy to SM radiation while the inflaton still dominates
6the energy density. Reheating is then defined by the
point where the energy in the SM radiation bath equals
the energy of the inflaton, such that the SM bath has
half the critical density
ρSM =
3
2
M2PH
2
∣∣∣∣
H=Hke
=
pi2
30
gRHT
4
RH , (26)
and we find the reheating temperature to be
TRH =
(
45
pi2gRH
) 1
4 √
MPHke . (27)
Here the Hubble rate at reheaton-kination equality Hke,
derived in Appendix D, is given as
Hke
H∗
=
√
2 Ω
3(1+w)
2(3w−1)
φ,∗
{
1 , Γ > Hmatt(
Hmatt
Γ
) 1
3w−1 , Γ < Hmatt
, (28)
with Hmatt = H∗ exp[−3(1+w)Nmatt/2]. The parameter
Ωφ,∗ is the initial energy density fraction of the reheaton
using the effective energy density approach of Eq. (23)
Ωφ,∗ =
ρeffφ (N = 0)
3M2PH
2∗
=
Λ e4Nmin
3M2PH
2∗
. (29)
The two cases in Eq. (28) correspond to whether the en-
ergy in the reheaton is transferred to SM radiation before
(Γ > Hmatt) or after the reheaton amplitude has damped
down enough for the m2φ2 term to become important
and the reheaton energy begins scaling like matter. In
the latter case (Γ < Hmatt), the extra factor in Eq. (28)
accounts for the fact that the reheaton energy density
is larger compared to radiation only scaling by a fac-
tor aΓ/amatt, where aΓ is the scale factor at the time of
transfer.
The Γ > Hmatt case is particularly interesting for us,
since the reheating teperature depends only on the re-
heaton dynamics and not on Γ. In Fig. 3 we show con-
tours of constant reheating temperature for a λ = 10−4
slice of the parameter space, as well as the regions ex-
cluded by the upper bound on the inflation scale, re-
heating below BBN, and overproduction of gravitational
waves (see Section VII A).
The reheating temperature for a fixed choice of ξ can
be increased by choosing a higher inflation scale H∗ or
by reducing the size of λ. For ξ = w = 1, the reheating
temperature scales roughly as
TRH ≈ 103 GeV
(
H∗
1011 GeV
)2(
λ
10−4
)−1/5
, (30)
so the dependence on λ is relatively weak. This remains
true even for larger values of ξ, such as ξ = 4pi where
TRH ∝ λ−1/2. For smaller values of w, the reheating
temperature is lower for fixed parameters and TRH de-
pends more sensitively on H∗ and λ. The reheating tem-
perature cannot be arbitrarily increased by decreasing λ,
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10−4 and w = 1. The upper bound on H∗ comes from the
non-observation of B-modes in the CMB [1], while the ∆Neff
constraint is explained in Section VII A.
since as λ becomes increasingly small the reheaton field
will eventually undergo trans-Planckian field excursions.
For ξ = 4pi, w = 1 and H∗ = 6.6× 1013 GeV this occurs
for λ . 3× 10−12, leading to a reheating temperature of
6× 1015 GeV for φmin = MP .
Finally, we note that the reheating temperatures are
generically higher in the case where the reheaton had a
period of matter scaling, as its energy density would not
have been diluted as much as the pure radiation case.
However, in both cases it is possible to achieve reheat-
ing temperatures which are sufficiently high for successful
thermal leptogenesis, namely TRH & 108 GeV.
VI. STOCHASTIC GRAVITATIONAL WAVE
BACKGROUND
In the case of a period of kination, the primordial
gravitational wave spectrum from inflation becomes blue-
tilted [6, 7, 27–37]. Long periods of kination can result in
GW amplitudes which are large enough to be detectable.
However, excessive blue-tilting may lead to an unaccept-
able contribution of the gravitational wave energy density
to Neff (see Section VII A).
The energy density fraction of primordial gravitational
waves upon re-entering the horizon scales as
ΩGW(k) =
1
ρ
dρGW
d log k
∝ a3w−1 , (31)
which is a growing function of a for w > 1/3. Because
horizon crossing for a given mode is defined by k = aH,
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FIG. 4. Gravitational wave spectra for the benchmark points
of Table I as well as the power-law integrated sensitivity
curves of upcoming experiments.
using Eq. (10) we can derive the tilt of the spectrum
ΩGW(k) ∝
(
k
kke
) 2(3w−1)
1+3w
, (32)
which should be applied to all modes k ≥ kke where kke =
akeHke is the comoving momentum of a mode crossing
the horizon at reheaton-kination equality. Assuming the
reheaton transferred its energy to SM radiation before
kination ended, the physical momentum today of this
scale is
k0ke = Hke
(
ake
a0
)
= Hke
(
gs,eq
gs,ke
) 1
3
(
T0
Tke
)
, (33)
where gs,eq = 2 + 2Neff(7/8)(4/11) = 3.938, T0 =
2.35× 10−13 GeV is the photon temperature today, and
Tke is the temperature of the SM radiation at the end of
kination. To produce an observable GW signal, a long pe-
riod of kination is required, which is most easily achieved
in the case where the reheaton energy never scales like
matter. Focusing on this case, we have Tke = TRH with
TRH given by Eq. (27) in the Γ > Hmatt case. The spec-
trum has a UV cutoff given by the size of the horizon at
the end of inflation, redshifted to the present time
k0∗ = H∗
(
gs,eq
gs,ke
) 1
3
(
T0
Tke
)(
H2ke
2H2∗
) 1
3(1+w)
, (34)
a derivation of which can be found in Appendix D.
Below the scale k0ke, the GW spectrum remains flat
with an amplitude today given by [33]
Ω0,flatGW =
Ω0γ
24
(
gs,eq
gs,k
) 4
3
(
gk
g0γ
)
2
pi2
H2∗
M2P
, (35)
Benchmark point w H∗ [GeV] ξ λ
1. LISA ‘?’ 0.55 6.6× 1013 1.0 10−4
2. ET ‘•’ 0.65 1012 1.0 10−4
3. CMB-S4 ‘+’ 0.95 1012 0.8 10−4
4. Large ξ ‘†’ 0.6 1012 15.0 10−4
TABLE I. Benchmark point model parameters.
where g0γ = 2 and gk is the number of degrees of
freedom when the scale k crossed the horizon and
Ω0γ = 5.38× 10−5 [38]. We can now write the complete
primordial GW spectrum today in piecewise fashion
Ω0GW(k) = Ω
0,flat
GW

1 , k < k0ke(
k
k0ke
) 2(3w−1)
1+3w
, k0ke ≤ k ≤ k0∗
0 k > k0∗
.
(36)
In Fig. 4, we plot the spectra for the benchmark model
parameters given in Table I which can produce a de-
tectable GW signal in future detectors such as LISA [39],
ET [40], B-DECIGO [41, 42], and BBO [43].
To find the regions of parameter space which can be
probed by these future GW detectors, we compute the
signal-to-noise ratio (SNR) for each point using [44, 45]
SNRexp ≡
{
2tobs
∫ fmax
fmin
df
[
h2ΩGW(f)
h2Ωeff(f)
]2}1/2
. (37)
The observation time tobs, frequency domain fmin/max
and noise curves (h2Ωeff) for the different experiments
are all taken from Table III in Ref [46]2, in conjunc-
tion with the usual definition for h, namely H0 =
(100h)km s−1 Mpc−1. The results are shown in the w − ξ
plane of Fig. 5 with fixed λ = 10−4. The regions be-
low the dashed lines have SNRs above the experimental
threshold and are therefore testable. The black region
is excluded by reheating temperatures below the onset
of BBN (TRH ≤ TBBN ∼ 1 MeV), while regions violating
Neff constraints, discussed below in Section VII A, are
shaded red.
Assuming the detection of such a blue-tilted spectrum,
the determination of the slope by one or more experi-
ments would allow the equation of state w of the kina-
tion phase to be probed and could thus confirm a non-
standard period of cosmological history. While measur-
ing w would not confirm our model, it would strengthen
the case for considering reheating scenarios of this type.
2 Both the noise curves for the SNR as well as the power-law in-
tegrated sensitivity curves shown in Fig. 4 are available in the
ancillary material of Ref. [46].
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FIG. 5. Detectability of the inflationary gravitational wave background in future experiments. In the left panel, the entire
allowed parameter space is in reach of the BBO experiment.
VII. OBSERVATIONAL AND THEORETICAL
CONSTRAINTS
A. Overproduction of Gravitational Waves
The energy density of the blue-tilted primordial grav-
itational wave spectrum changes the number of effective
relativistic degrees of freedom (Neff) at recombination
time by an amount
∆Neff =
8
7
(
11
4
) 4
3 Ω0GW
Ω0γ
, (38)
where we have used the fact that the ratio ΩGW/Ωγ
becomes constant after electron-positron annhilation at
T ∼ 0.5 MeV, so it is convenient to simply evaluate it at
the present time instead of at recombination. The energy
density in gravitational waves today is given by
Ω0GW =
∫
df
f
Ω0GW(f) . (39)
The Planck 2018 data requires ∆Neff < 0.284 at
95% C.L. using the TT,TE,EE+lowE+lensing+BAO
dataset [47], which is the value we use to set the ∆Neff
exclusion line in our plots. Also shown in our plots is
a ∆Neff < 0.03 line, which is a conservative estimate
of the sensitivity that the next generation of ground-
based telescope experiments (CMB Stage-4) will be able
to achieve [48].
B. Scalar Perturbations
The power spectrum of superhorizon fluctuations of
the reheaton field at the end of inflation for ξ & 0.1 is
given by
Pδφ(k) ≈
(
H∗
2pi
)2(
H∗
m∗
)(
k
H∗
)3
, (40)
which is suppressed as k3 for k  H∗ (see Appendix B
for a derivation). Thus, the reheaton fluctuations can-
not account for the observed scale invariant spectrum of
scalar perturbations. In order to achieve agreement with
data, we must assume that the inflationary sector can
produce the correct primordial curvature perturbations.
However, since the superhorizon fluctuations of the re-
heaton field are power law suppressed, the curvature per-
turbation set by the inflationary sector will be adiabatic
to a good approximation and will therefore be conserved
on superhorizon scales. Thus, while the reheaton itself
cannot produce the correct scalar perturbations, we can
at least conclude that it will not interfere with them be-
ing set by the inflationary sector. This is consistent with
findings that superhorizon curvature perturbations, once
set, cannot be easily suppressed [49–51].
VIII. HIGGS AS THE REHEATON
In order to consider the possibility of identifying the
Higgs field as the reheaton, we need to know the size of
the Higgs quartic at the energy scale of interest. To ac-
complish this, we assume the SM only running of Ref. [52]
and renormalize the Higgs quartic at the scale µ = φmin.
The consistency equation we must then solve for the lo-
cation of the minimum is Eq. (13) with φmin = µ and
λ = λ(µ)
µ2 =
3ξ(3w − 1)
λ(µ)
H2min(λ(µ)) . (41)
Solutions to this equation exist only while λ(φmin) > 0,
which places an upper bound on H∗ for fixed ξ since the
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FIG. 6. Reheating temperature contours in the case where
the SM Higgs is identified as the reheaton field. The white
region indicates the allowed parameter space. We take w = 1
such that the reheating temperature is maximized.
SM Higgs quartic runs negative at high energies. We
show this bound in the ξ-H∗ plane of Fig. 6, where we
also plot contours of constant reheating temperatures as-
suming that TRH is given by the Γ > Hmatt case of Sec-
tion V B. This assumes the decay of the Higgs and equi-
libration of the resulting SM radiation happens before
reheaton-kination equality, which is expected to be the
case [10, 53–57]. For fixed ξ, we find that an allowed
range of inflaton scales H∗ exist where reheating be-
fore BBN can be achieved without field excursions which
probe the unstable region of the SM Higgs potential. For
ξ ∼ 1, the allowed range is H∗ ∼ 108− 5× 109 GeV with
reheating temperatures TRH ∼ 10−3 − 1 GeV.
We note that the idea of reheating using a non-
minimally coupled Higgs was first investigated by
Ref. [10]. In that work, however, the time variation of
the Hubble rate as the reheaton rolls to the minimum
was neglected. As we showed in Section IV B, we find
that the reheaton typically takes O(1) e-fold to roll to the
minimum, by which time the Hubble rate has typically
decreased by a factor Hmin ∼ 10−2H∗. Since the energy
extracted scales as H4min, neglecting the time variation of
H results in an overestimation of the energy density by
a factor of 108 for typical values of the parameters.
IX. CONCLUSIONS
While there is now compelling evidence for a period
of exponential inflation in the early universe, much less
is known about reheating. This process describes the
transition from a quasi de-Sitter universe dominated by
the inflaton energy density to a thermal plasma domi-
nated by SM particles that is at least hot enough to allow
for successful nucleosynthesis. A particularly interesting
question is whether this transition is possible in the ab-
sence of any non-gravitational couplings of the inflaton
to the SM.
Recently it was argued that gravitational reheating is
not viable due to an overproduction of gravitational radi-
ation [9]. Here we show both analytically and numerically
that these constraints can be evaded if a scalar field, the
so called reheaton, has a non-minimal coupling to gravity
and a period of kination occurs after the end of inflation.
The resulting tachyonic instability in the reheaton al-
lows it to more efficiently extract energy from the grav-
itational background, reducing the relative importance
of the gravitational radiation. Decays of the reheaton
to SM particles can then populate the SM thermal bath
while the inflaton energy dilutes away faster than radi-
ation. This permits reheating temperatures which are
high enough to allow for successful thermal leptogenesis.
The stochastic GW background which previously cast
doubt on the viability of gravitational reheating now be-
comes the main hope for probing this reheating scenario.
The blue-tilted GW spectrum is in range of several future
GW detection experiments, at least for inflation scales
close to the maximally allowed value. In addition, future
CMB observations will improve the bound on ∆Neff and
thus further constrain the high frequency end point of
the spectrum.
Finally, we have explored the intriguing possibility that
the Higgs field itself can play the role of the reheaton. In
this scenario, no additional fields beyond the SM would
be required. We extend previous studies of this scenario
by taking into account the variation of the Hubble rate
during the initial rolling of the reheaton, resulting in
strongly suppressed reheating temperatures. Neverthe-
less, a small window with reheating temperatures up to
a GeV remains viable.
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Appendix A: Energy-momentum of a non-minimally
coupled scalar field
Varying the action in Eq. (5) with respect to gµν yields
the Einstein equations
Gµν = Rµν − 1
2
gµνR =
1
M2P
(
Tφµν + T
m
µν
)
, (A1)
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where the energy-momentum tensor Tφµν of the non-
minimally coupled scalar field φ is [15–22]
Tφµν = ∂µφ∂νφ− gµν
(
1
2
gρσ∂ρφ∂σφ− V (φ)
)
+ ξ(Gµν + gµν∇σ∇σ −∇µ∇ν)φ2 .
(A2)
For the metric in Eq. (4) and a homogeneous field φ =
φ(t), one can show that Eq. (A2) reduces to the form of
a perfect fluid with energy density
ρφ =
1
2
φ˙2 + V (φ) + ξ
(
3H2φ2 + 6Hφφ˙
)
, (A3)
and pressure
pφ =
1
2
φ˙2−V (φ)+ξ
3
(R+3H2)φ2−2ξ
(
φ˙2 + φφ¨+ 2Hφφ˙
)
.
(A4)
Using the equation of motion for φ, we have φ¨ = ξRφ−
3Hφ˙ − V ′(φ) which combined with Eq. (1) allows pφ to
be written as
pφ =
1
2
φ˙2 − V (φ) + 3ξ [w + 2ξ(1− 3w)]H2φ2
+ 2ξ
(
V ′φ+Hφφ˙− φ˙2
)
.
(A5)
We now define the equation of state wφ of the non-
minimally coupled reheaton as wφ = pφ/ρφ. Of par-
ticular interest is the initial reheaton equation of state
during the initial tachyonic growth phase while the re-
heaton is rolling to the minimum. In this phase, the bare
potential V is negligible, so the initial equation of state
can be computed as
winitφ = p
init
φ /ρ
init
φ
=
1
2 φ˙
2 + 3ξ [w + 2ξ(1− 3w)]H2φ2 + 2ξ
(
Hφφ˙− φ˙2
)
1
2 φ˙
2 + ξ(3H2φ2 + 6Hφφ˙)
.
(A6)
During the tachyonic growth phase, the time evolution
of φ is given by Eq. (17), from which we can derive that
φ˙ = −γφH˙/H = 3γ(1 + w)Hφ/2. Using this relation
to eliminate φ˙ in Eq. (A6) causes φ and H to drop out
and we can write the initial reheaton equation of state
entirely in terms of the inflaton equation of state w and
the non-minimal coupling ξ
winitφ =
8ξ[γ + w(1 + γ − 6ξ) + 2ξ]− 3γ2(4ξ − 1)(1 + w)2
8ξ + 3γ(1 + w)(γ + wγ + 8ξ)
,
(A7)
with γ =
√
ξ(3w − 1)/3, the same definition used in
Eq. (17). The scaling of the reheaton energy density in
the initial tachyonic phase can now be written in terms
of its equation of state
ρinitφ ∝ a−3(1+w
init
φ ) , (A8)
which allows us to analytically determine the initial slope
of the lines in Fig. 2. While Eq. (A7) is a rather unwieldy
expression, it has some insightful limits. For w = 1/3,
we have γ = 0 and thus winitφ = 1/3. As expected, in
this limit there is no tachyonic growth and the reheaton
energy simply behaves as radiation. In the opposite limit
w = 1, we find
winitφ (w = 1) = 1−
√
8ξ
3
. (A9)
We see that there is a critical value of ξ = 3/2 where
winitφ = −1 and the reheaton energy behaves initially as
a cosmological constant. The interpretation here is that
the tachyonic growth is exactly compensating the dilu-
tion of the reheaton energy due to the expansion of the
universe. For ξ > 3/2, the tachyonic growth overcomes
the expansion, resulting in a net growth of the reheaton
energy density. For 1/6 < ξ < 3/2, the reheaton en-
ergy decays, but it does so at a rate slower than radia-
tion. This analysis explains why the ξ = 5, 10 lines in
Fig. 2 have a positive (growing) initial slope whereas the
ξ = 1 line has a negative (decaying) initial slope which is
less steep than the gravitational particle production line
(which scales as radiation).
For general w in the range 1/3 < w ≤ 1, there ex-
ists a critical value of ξ which we denote as ξcrit where
the reheaton energy scales initially as a cosmological con-
stant. This value is given by solving Eq. (A7) for ξ with
winitφ = −1, but for w & 0.5, it can be reasonably ap-
proximated by the condition found in Section IV A such
that the reheaton rolls to the minimum faster than the
minimum approaches the origin
ξcrit ≈ 1
w − 1/3 , (A10)
and the approximation becomes exact in the case w =
1. Roughly speaking, the significance of ξcrit is that for
ξ > ξcrit, we expect the initial growth of the reheaton
energy density to be faster than the dilution due to the
expansion of the universe.
Appendix B: Initial Conditions from de-Sitter
To study the quantum fluctuations of the reheaton field
during inflation, we work with the conformal time dt =
a dτ where the field can be canonically normalized via the
field redefinition φ → ϕ/a. The canonically normalized
action is then
Sϕ = 1
2
∫
dτd3x
[
(ϕ′)2 − (∇ϕ)2 + a2
(
ξ − 1
6
)
Rϕ2
]
,
(B1)
which leads to the following equation of motion for ϕ in
momentum space
ϕ′′k +
[
k2 − a2
(
ξ − 1
6
)
R
]
ϕk = 0 . (B2)
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In de-Sitter space, we have R(τ) = −12H2(τ) =
−12/(aτ)2 and Eq. (B2) can be cast in the form of
Bessel’s equation
ϕ′′k +
[
k2 − ν
2 − 1/4
τ2
]
ϕk = 0 , (B3)
with
ν2 ≡ 1
4
− 12
(
ξ − 1
6
)
. (B4)
The general solution of Eq. (B3) can be written as
ϕk(τ) =
√−τ
[
αkH
(1)
ν (−kτ) + βkH(2)ν (−kτ)
]
. (B5)
where H
(1)
ν (x) and H
(2)
ν (x) are Hankel functions of the
first and second kind, respectively.
1. Canonical quantization
We canonically quantize following standard methods of
quantum field theory in curved spacetime [58, 59]. First,
we promote ϕk to an operator
ϕˆk(τ) = ϕk(τ)aˆk + ϕ
∗
k(τ)a
†
−k , (B6)
where [aˆk, aˆ
†
k′ ] = (2pi)
3δ(k + k′) and the modes are nor-
malized such that ϕkϕ
′∗
k − ϕ′kϕ∗k = i. To find the coeffi-
cients of Eq. (B5) one constructs the Hamiltonian oper-
ator and minimizes the vacuum expectation value of the
energy 〈0|Hˆ|0〉. Assuming that all modes are well within
the horizon at early times, this leads to the requirement
that ϕk should approach the Bunch-Davies vacuum for
kτ → −∞
ϕk(kτ → −∞) ≈ 1√
2k
e−ikτ , (B7)
which one can show using the asymptotic expansion
for the Hankel functions requires βk = 0 and αk =√
pi/4 ei
pi
4 (1+2ν). The solution for ϕk in de-Sitter space is
then
ϕk(τ) =
√
pi
4k
ei
pi
4 (1+2ν)
√−kτ H(1)ν (−kτ) . (B8)
The operator in position space can be found by Fourier
transforming the field
ϕˆ(τ, x) =
∫
d3k
(2pi)3
[
ϕk(τ)aˆk + ϕ
∗
k(τ)a
†
−k
]
eikx , (B9)
and expectation values of the original field φ = ϕ/a such
as the two-point function can be computed as
〈φˆ2〉 = 〈0|φˆ∗(τ, 0)φˆ(τ, 0)|0〉 =
∫
dk
k
Pφ(k, τ) , (B10)
with
Pφ(k, τ) = k
3
2pi2a2
|ϕk(τ)|2. (B11)
Similarly, the power spectrum of φ′ = dφ/dτ can be com-
puted as
Pφ′(k, τ) = k
3
2pi2
∣∣∣∣ ddτ (ϕka )
∣∣∣∣2 = k32pi2a2 |ϕ′k − aHϕk|2 .
(B12)
2. Variances at the end of inflation
For ξ > 3/16, we are in the regime where the reheaton
is heavy during inflation with an effective mass m2eff =
12(ξ − 1/6)H2 & H2. In this case, ν is purely imaginary
and the power spectrum of φ for ν = iµ is
Pφ(k, τ) = H
2
8pi
(−kτ)3|H(1)iµ (−kτ)|2e−piµ , (B13)
with
µ2 ≡ 12
(
ξ − 1
6
)
− 1
4
. (B14)
We now work in the variable z = −kτ = k/(aH), where
the superhorizon modes are those with z < 1. For µ 1
and in the superhorizon limit, one can show using the
small argument expansion for the Hankel functions that
|H(1)iµ (z)|2 e−piµ ≈ 2/(piµ). This leads to a superhorizon
power spectrum for φ at the end of inflation of
Pφ(z, τ∗) = H
2
∗
4pi2
z3
µ
≈ H
2
∗
4pi2
z3√
12ξ
. (B15)
In the same limit, one can show that the velocity power
spectrum is
Pφ′(z, τ∗) = µ2H2∗ Pφ(z, τ∗) ≈
H4∗
4pi2
z3
√
12ξ . (B16)
Since the superhorizon modes are those with z < 1, these
power spectra are peaked at the horizon at the end of
inflation and power law suppressed (∝ z3) for modes well
outside the horizon. To estimate the classical field value
at the end of inflation, we integrate over the superhorizon
fluctuations z . 1 to obtain
〈φˆ2∗〉 =
∫ 1
0
dz
z
Pφ(z, τ∗) ≈
(
H∗
2pi
)2
1
3
√
12ξ
, (B17)
〈φˆ′2∗ 〉 =
∫ 1
0
dz
z
Pφ′(z, τ∗) ≈ H
4
∗
12pi2
√
12ξ . (B18)
This is the same result as can be found in Ref. [60]. We
acknowledge that a more detailed study of excitation of
the field during the transition could find larger initial
fluctuations, however Ref. [26] found a similar amplitude
for a transition in which R does not change sign.
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FIG. 7. Ratios of the exact numerical solution for the
RMS field value to the approximations given in Eqs. (B19)
and (B20).
3. Initial Conditions
We take the root mean square (RMS) fluctuations of
the reheaton at the end of inflation as our initial con-
ditions for the classical field evolution. Defining m∗ =√
12ξH∗ yields
φ∗ =
√
〈φˆ2∗〉 ≈
H∗
2pi
√
H∗
3m∗
, (B19)
φ˙∗ =
√
〈φˆ′2∗ 〉 ≈ m∗φ∗ , (B20)
which are the initial conditions given in Eq. (15). We note
that these expressions were derived under the assumption
that µ  1, which translates into ξ & 1. However, it
is a reasonable approximation to extend their range of
validity down to ξ & 0.1. We justify this statement by
plotting in Fig. 7 the ratio of the exact numerical solution
for the RMS field value found by inserting Eq. (B8) into
Eq. (B11) and Eq. (B12) to the approximations given in
Eqs. (B19) and (B20). We see good agreement for ξ & 1
and a difference of . 2 for ξ ∼ 0.1.
Appendix C: Dynamics of a non-minimally coupled
scalar
To support the analytic approximations given through-
out the text, we now turn to numerically solving the full
differential equation describing the time evolution of the
classical field. In Fig. 8 we show the results of solving
Eq. (7) using the initial conditions in Eq. (15) as a func-
tion of the number of e-folds. The left-hand panel shows
the field value, while the right-hand side shows the en-
ergy density calculated using Eq. (11). In both panels
the dashed lines show the approximations described in
the text for Nmin, φmin and Λ. We find good agreement
between the ρeffφ approximation and the full numerical re-
sult at late times. Other parameter choices which better
illustrate the initial tachyonic growth as well as a period
of matter scaling are shown in Fig. 2 along with their
respective ρeffφ as dashed lines.
Appendix D: Details of the gravitational wave
stochastic background
The flat GW inflationary power spectrum as each mode
k re-enters the horizon is given approximately by [33, 61]
P(k) ' 2
pi
H2∗
M2P
, (D1)
where the resulting energy density today normalized to
the critical energy density takes the form
Ω0GW(k) '
k2
12H20a
2
0
T 2(k, k0)P(k) . (D2)
T 2(k, k0) is the transfer function which encodes the red-
or blue-shifting of the mode functions as well as their
evolution as the scaling of the dominant component of
the energy density changes. In what follows we neglect
the matching of the mode functions at both the transi-
tion between kination and radiation (and or matter dom-
ination) and the standard transition between radiation
and matter in the late universe. The later occurs at fre-
quencies much below the experiments of interest, while
the H∗ . 6.6× 1013 GeV constraint accounts for CMB
constraints on the tensor spectrum [1]. As a result the
transfer function takes the simple form
T 2(k, k0) =
1
2
(
ak
a0
)2
. (D3)
As a result we obtain
Ω0GW(k) '
1
24
(
Hk
H0
)2(
ak
a0
)4
P(k) , (D4)
where we have used k = akHk for the comoving mo-
menta at the scale where the mode re-enters the horizon.
Note that the amount of blue and/or red-shifting depends
upon whether k ≥ kke. Before we derive this expression
we first need Hke.
Using the effective energy density, c.f. Eq. (23), kina-
tion ends when ρeffφ or equivalently the energy density of
its decay products are equal to the inflaton energy den-
sity
ρeffφ,∗
(
a∗
ake
)4
= 3M2PH
2
∗
(
a∗
ake
)3(1+w)
. (D5)
In this expression, we assume the effective energy density
scales as radiation. We show how a period of matter
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right-hand panel (yellow-dashed).
scaling would modify this expression below. At the end
of kination, the Hubble rate is given by
H2ke =
2
3M2P
ρinf,ke = 2H
2
∗
(
a∗
ake
)3(1+w)
, (D6)
and eliminating the ratio of scale factors yields
Hke√
2H∗
=
(
ρeffφ,∗
3M2PH
2∗
) 3(1+w)
2(3w−1)
≡ Ω
3(1+w)
2(3w−1)
φ,∗ . (D7)
In the scenario where the bare mass of the reheaton be-
comes relevant before Hke, i.e. Γmatt > Hke, a period of
matter scaling reduces the redshifting of the reheaton en-
ergy density. As ρeffφ scales as radiation both before and
after this period of matter scaling, we need only multi-
ply ρeffφ,∗ by a factor that compensates for this decreased
dilution, namely
amatt
adecay
=
(
Hmatt
Γ
) 2
3(1+w)
, (D8)
where adecay is the scale factor when Γ = H. Including
this factor yields the full expression in Eq. (28).
With Hke in hand we can now compute the physical
momenta of the horizon size redshifted to today at both
kination-reheaton equality and the end of inflation. The
former is given already in Eq. (33), while the latter is
k0∗ = H∗
(
a∗
ake
)(
ake
a0
)
,
= H∗
(
gs,eq
gs,ke
) 1
3
(
T0
Tke
)
Ω
1
3w−1
φ,∗ , (D9)
where we have used Eqs. (D6) and (D7) in the second
line. An important feature realized in Ref. [9] is that k0∗
is independent of Hubble at the end of inflation. This can
be seen by inserting Eq. (27), where again TRH = Tke, in
conjunction with the observation that Ωφ,∗ ∝ H2∗ :
k0∗ = T0
(
gs,eq
gs,ke
) 1
3
(
pi2gRH
90
H2∗
M2P
) 1
4
Ω
− 14
φ,∗ . (D10)
Consequently the Neff constraint, which depends largely
on the GW amplitude at the scale k0∗, is independent
of the scale of inflation as can be seen in Fig. 3. This
statement is no longer true if there was a period where
the reheaton scaled as matter, in which case Eq. (D10)
should be multiplied by a factor (Hmatt/Γ)
−1/(6+6w), in-
troducing a weak dependence on H∗.
Finally, we return to the GW energy density, which for
k > kke is
Ω0GW(k) '
1
24
(
Hk
Hke
Hke
H0
)2(
ak
ake
ake
a0
)4
P(k) ,
=
1
24
(
ak
ake
)1−3w (
Hke
H0
)2(
ake
a0
)4
P(k) ,
=
(
k
k0ke
) 2(3w−1)
1+3w
Ω0,flatGW , (D11)
where we have made the sudden transition approxima-
tion where H2ke/H
2
k = (ak/ake)
3(1+w). This leads to the
piecewise result in Eq. (36).
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